Due to a limited set of antifungals available and problems in early diagnosis invasive fungal 20 infections caused by Candida species are among the most common hospital-acquired 21 infections with staggering mortality rates. Here, we describe an engineered system able to 22 sense and respond to the fungal pathogen Candida albicans, the most common cause of 23 candidemia. In doing so, we identified hydroxyphenylacetic acid (HPA) as a novel molecule 24 secreted by C. albicans. Furthermore, we engineered E. coli to be able to sense HPA 25 produced by C. albicans. Finally, we constructed a sense-and-respond system by coupling 26 the C. albicans sensor to the production of an inhibitor of hypha formation thereby reducing 27 filamentation, virulence factor expression and fungal-induced epithelial damage. This system 28 could be used as a basis for the development of novel prophylactic approaches to prevent 29 fungal infections. 30 31 32 Introduction 33 Fungal pathogens cause diverse types of infections ranging from superficial to systemic and 34 claim about 1.5 million lives per year 1 . Candida species are among the most common 35 opportunistic fungal pathogens and represent the fourth-leading cause of hospital-acquired 36
Results 85

System design 86
The overall goal of this work was to construct and characterize an engineered, commensal E. 87 coli strain capable of first, detecting the presence of C. albicans and second, producing a 88 hypha inhibitor in response to detection thereby preventing filamentation (Figure 1) . The 89 sensor should be able to sense a substance secreted by the fungus and control expression of 90 a hypha inhibition module, which will lead to the production of an inhibitor of hypha formation. 91
Thus, bacteria carrying this system would be able to protect an epithelium from being 92 To engineer E. coli to sense C. albicans, we first focused our efforts on the known fungal 103 quorum sensing molecule tyrosol (4-hydroxyphenylethanol) , which is constitutively produced 104 under various conditions including growth within a patient 27 . E. coli W strains are able to 105 launch a transcriptional response to the structurally related substance 4-hydroxyphenylacetic 106 acid (4-HPA) 28 . Therefore, we reasoned that the structural similarity between tyrosol and 4-107 HPA could serve as a starting point for the construction of a tyrosol sensor. 108
We first tested for tyrosol production by C. albicans. We harvested C. albicans culture 109 supernatants and confirmed tyrosol production by HPLC-MS, which increased upon 110 supplementation of the medium with its precursor tyrosine (Figure S1a) . As a control we also 111 determined the levels of HPA in fungal culture supernatants. Surprisingly, we detected HPA 112 production by C. albicans and the levels increased upon tyrosine supplementation ( Figure  113 2a). Furthermore, we could detect HPA in yeast and hyphal supernatants ( Figure S1b) . 114
Based on its retention time we were able to identify the secreted molecule as being either HPA or 4-HPA. Thus, C. albicans is able to produce HPA presumably via a pathway similar to 116 tyrosol. 117 E. coli has the ability to respond to 4-HPA and can be engineered to record its 118 production by C. albicans. The E. coli 4-HPA sensor found in W strains consists of a 119 transporter (HpaX) and a transcription factor (HpaA) 28, 29 . Upon import by HpaX and binding to 120
HpaA, 4-HPA can activate transcription from the downstream P BC promoter 28 .To test this 121 system, we constructed a sensor plasmid carrying the hpaX and hpaA genes and the P BC 122 promoter upstream of a gfp encoding gene (Figure 2b) . Cells carrying the sensor plasmid 123 (PAS691) showed increased GFP expression upon induction with 4-HPA ( Figure S1c) . 124
Furthermore, the absence of the HpaX transporter (PAS692) decreased the sensitivity of the 125 sensor. Tyrosol did not lead to efficient induction even in the presence of HpaX. To determine 126 if the 4-HPA sensor can detect C. albicans, we incubated E. coli PAS691 with different 127 dilutions of fungal supernatants and measured GFP levels after 24 hours (Figure 2b) . C. 128 albicans culture supernatants were able to strongly induce the 4-HPA sensor and tyrosine 129 supplementation of the fungal culture further increased the induction level. The sensor E. coli can directly detect the presence of C. albicans. We spotted C. 148 albicans on agar plates and incubated them for 24 hours to allow for the production of HPA. 149
Then, PAS691 sensor cells were spotted in proximity onto the same agar plate and incubated 150 for additional 24 hours prior to imaging. Only bacterial cells in close proximity to C. albicans 151 showed an elevated GFP signal, which declined with increasing distance from the fungal cells 152 consistent with induction by a diffusible compound produced by C. albicans (Figure 2c) . 153
Importantly, we observed no significant induction in the absence of C. albicans and increased 154 fluorescence upon addition of 4-HPA to the medium. We observed variation in the GFP 155 intensity within PAS691 sensor spots, which might be due to copy number variation of the 156 sensor-encoding plasmid. C. albicans spots showed low levels of autofluorescence. 157 Furthermore, we also incubated E. coli PAS691 in liquid medium in the absence or presence 158 of C. albicans and observed GFP induction only when the fungus was present (Figure 2d) . 159
Thus, our E. coli 4-HPA sensor can be used to detect C. albicans. 160 161 Engineered E. coli can inhibit filamentation 162 E. coli can be engineered to induce production of BDSF, an inhibitor of C. albicans hypha 163 formation that is produced naturally by B. cenocepacia 13 . The enzyme responsible for BDSF 164 production has been identified as B. cenocepacia RpfF and expression in E. coli leads to 165 production and secretion of BDSF 30 . To enable inducible RpfF expression in E. coli we placed 166 the rpfF gene downstream of an anhydrotetracyline-(aTC-)inducible promoter (Figure 3a) . 167
RpfF has dehydratase and thioesterase activities and is able to produce BDSF from the acyl 168 carrier protein (ACP) thioester of 3-hydroxydodecanoic acid, a fatty acid synthesis 169 intermediate 30 . First, we confirmed that C. albicans hypha formation can be inhibited by BDSF ( Figure  171 3b). To test our BDSF producing cells, we induced bacterial cells with aTC, harvested culture 172 supernatants at different time points and used them for hypha inhibition assays. Starting at 8 173 hours post induction E. coli supernatants were able to inhibit C. albicans filamentation ( Figure  174 3c). Thus, E. coli cells carrying the aTC-inducible system (PAS689) are able to produce BDSF 175 at a level, that is sufficient to inhibit C. albicans hypha formation. 176 we observed a dose-dependent decrease in C. albicans-induced cytotoxicity with increasing 208 BDSF concentrations (Figure 4b) . Furthermore, the concentration required for epithelial cell 209 protection matches the concentration needed for hypha inhibition (Figure 3b ). Interestingly, 210
we observed a similar protective effect of BDSF when we cultured epithelial cells in transwell 211 plates and treated them with C. albicans. The decrease in transepithelial electrical resistance 212 (TEER) caused by C. albicans was markedly reduced in the presence of 500 µM BDSF 213 ( Figure S1d ). In addition, the increase in epithelial permeability upon treatment with fungal 214 cells was also reduced in the presence of BDSF ( Figure S1e ). Furthermore, BDSF alone did 215 not show any cytotoxicity (Figure 4b and Figure S1d ). 216 BDSF producing E. coli protect epithelial cells from being damaged by C. albicans. We 229 treated epithelial cells with C. albicans and E. coli culture supernatants and measured LDH 230 release after interaction. As expected, in the presence of fungal cells we observed increased 231 cytotoxicity when treated either with wild-type E. coli control supernatants from bacteria not 232 carrying rpfF or with supernatants from uninduced bacterial cultures (Figure 4c ). However, 233 treatment with supernatants from aTC-induced PAS689 cells strongly reduced cytotoxicity in a 234 dose-dependent manner. Thus, our data indicate that bacterial cells producing BDSF can 235 protect epithelial cells from C. albicans-induced damage. 236 237
Sensing and hypha inhibition by engineered E. coli 238
The C. albicans sensing and inhibiting activities can be combined to create a sense-and-239 respond system by coupling the 4-HPA sensor to the rpfF gene (Figure 5a ). To determine if 240 the system can work in commensal strains, the sense-and-respond system was tested in a 241 mouse commensal E. coli strain NGF-1 31 . Upon induction with 4-HPA the BDSF concentration 242 in supernatants of cells carrying the sense-and-respond system (PAS694) increased over 243 time (Figure 5b ). Furthermore, induction with C. albicans culture supernatants led to a similar 244 increase in BDSF levels whereas for uninduced cells the inhibitor levels stayed low. To 245 determine if bacteria carrying the sense-and-respond system are able to inhibit hypha 246 formation, we treated C. albicans cells under hypha inducing conditions with E. coli culture 247 supernatants that had been induced with either 4-HPA or fungal supernatants and determined 248 fungal cell morphology. E. coli PAS694 was able to efficiently inhibit hypha formation only 249 upon induction with 4-HPA or fungal supernatants (Figure 5c ). In contrast, treatment with 250 control supernatants from PAS693 cells lacking RpfF or cells that were not treated with HPA 251 or fungal supernatants allowed extensive filamentation. 252
Bacteria carrying the sense-and-respond system can protect epithelial cells from C. 253 albicans-mediated killing. We incubated fungal cells with Caco-2 cell monolayers in the 254 presence or absence of bacterial culture supernatants and determined cytotoxicity by 255 measuring LDH release. A clear reduction in cytotoxicity compared to control supernatants 256 from uninduced cells or cells lacking RpfF was observed only in the presence of supernatants 257 from E. coli PAS694 cells, which have been induced by 4-HPA or fungal supernatants prior to 258 harvest (Figure 5d) . Decreased cytotoxicity and hypha formation in 4-HPA-induced samples 259 compared to samples treated with C. albicans supernatants (Figure 5c and d) is due to 260 higher BDSF levels upon 4-HPA induction (Figure 5b) . 261 indicates filamentation 32 . First, fungal cells were spotted on agar plates and incubated for 24 287 hours to allow the production of HPA. Then, engineered bacteria and subsequently again C. 288 albicans were spotted in proximity onto the same agar plate and incubated for additional 48 289 hours prior to imaging. Only E. coli PAS694 carrying the sense-and-respond system were 290 able to inhibit filamentation as indicated by a smooth fungal colony morphology in proximity of 291 the bacterial spots (Figure 5e ). The inhibiting activity decreased with increased distance to 292 the bacterial cells indicating a gradient of BDSF production by the engineered E. coli. 293
Furthermore, we observed no significant inhibition with the PAS693 control strain lacking 294
RpfF. 295
To determine virulence gene expression, we harvested C. albicans cells upon coculture 296 on agar plates and determined the expression levels of the well-known hypha-specific 297 virulence genes ECE1 (Candidalysin-encoding gene) 8 and HWP1 (adhesin) 32 by RT-qPCR 298 (Figure 5e and Figure S1f) . Only in proximity of E. coli cells carrying the sense-and-respond 299 system (C.a. + PAS694 spot 1 and 2) a significant repression of virulence genes was 300 observed. E. coli PAS693 served as control. To quantify hypha inhibition, we harvested C. 301 albicans cells upon 24 hour coculture on agar plates and determined cell morphology by microscopy. Upon coculture with E. coli cells carrying the sense-and-respond system 303 (PAS694) we observed a significant reduction in C. albicans hypha formation compared to 304 PAS693 control cells (Figure 5f) . 305
Taken together, these data indicate that E. coli cells carrying the C. albicans sense-306 and-respond system are able to induce BDSF production in the presence of the fungus 307 thereby inhibiting hypha formation as well as virulence factor expression and protecting 308 epithelial cells from fungal-mediated damage. 309 310 Discussion 311
In this study, we present the construction of a synthetic sense-and-respond system directed 312 against a human fungal pathogen. We identified HPA as a novel secreted molecule produced 313 by C. albicans, one of the most common fungal pathogens infecting humans. Furthermore, we 314 built a sensor able to detect fungal HPA and coupled it to the production of the hypha inhibitor 315
BDSF. Finally, we were able to show that E. coli cells carrying the sense-and-respond system 316 can inhibit hypha formation in C. albicans and protect epithelial cells from fungal-mediated 317
damage. 318
To the best of our knowledge, there have been no reports describing the production of 319 HPA by C. albicans or any other Candida species so far. Similar to tyrosol, HPA production in 320 C. albicans is increased in the presence of tyrosine indicating that both molecules might be 321 produced from the same precursors. In Saccharomyces cerevisiae HPA and tyrosol are 322 produced via the Ehrlich pathway 33 . C. albicans uses the same pathway for production of 323 tyrosol 34 . Thus, HPA might also be produced via the Ehrlich pathway in C. albicans. Tyrosol is 324 able to reduce the lag phase in growth upon dilution into minimal medium and it can stimulate 325 hypha induction in C. albicans 35 . Given the structural similarity between 4-HPA and tyrosol as 326 well as the possibility of common precursors in biosynthesis the two molecules might have 327 overlapping biological functions. Interestingly, the 4-HPA sensor can be found not only in E. 328 coli W strains but also in the human commensal E. coli strain HS 36 . Thus, HPA might also 329 have a function in bacterial-fungal communication for example in the human intestine. In fact, 330 4-HPA has been detected in human fecal samples, although its source remains to be 331 determined 37, 38 . 332
Targeting filamentation of C. albicans as an antifungal strategy has gained interest 333 more recently. A number of substances inhibiting the transition from the yeast to the hyphal 334 morphology have been described 39 . Among them, BDSF has been shown to efficiently inhibit 335 hypha formation 13 . We could show that E. coli cells expressing RpfF are able to produce the 336 inhibitor at levels sufficient for efficient hypha inhibition. In addition, by engineering fatty acid 337 metabolism, BDSF production could potentially be even further increased 30 . Interestingly, 338 BDSF has also been used to inhibit virulence gene expression in Pseudomonas aeruginosa 40 . 339
It inhibits expression of a type III secretion system and has been used to protect epithelial 340 cells as well as zebrafish from P. aeruginosa-mediated killing. Thus, our engineered sense-341 and-respond system could potentially be easily adapted to be effective against P. aeruginosa 342 by coupling expression of RpfF to existing sensors for this important bacterial pathogen 24 . 343
Various members of the human microbiota have been shown to produce inhibitors of 344 C. albicans hypha formation or virulence 13, 14, 16 . Often the actual inhibitory molecule is not 345 known and constitutively produced [41] [42] [43] . These observations suggest that bacteria inhabiting 346 the gastrointestinal tract along with C. albicans may utilize an inhibitory strategy to enhance 347 their ability to co-exist with C. albicans in their common niche. Our sense-and-respond system 348 represents the first engineered system able to exploit this strategy. 349
Filamentation is critical for active penetration of epithelia, which is the main mechanism 350 used by C. albicans to invade intestinal epithelial cells 44, 45 . Thus, inhibiting hypha formation 351 could avoid C. albicans invasion of the intestinal epithelium. However, filamentation is not 352 absolutely required for intestinal colonization since cells lacking the transcription factor Efg1, 353 which are defective in hypha formation, show higher colonization levels in mice compared to 354 wild-type cells at least within 3 days upon gavage (Pierce, 2012) 46 . Thus, our approach would 355 not affect fungal growth and colonization in general, but inhibit epithelial penetration and 356 translocation into the bloodstream. 357
Our engineered bacterium detects a fungal pathogen and induces production of an 358 inhibitor of C. albicans virulence factors. The system has the ability to protect epithelial cells 359 from C. albicans-mediated damage. Engineered probiotics could lower treatment costs since 360 the active substance is produced by the microbe 17 . Furthermore, inhibiting virulence factors 361 instead of growth can lower the risk of resistance development 7, 17 . Thus, our approach 362 represents a novel strategy to prevent fungal infections with the potential to reduce treatment 363 costs and counteract the development of antifungal resistance. 364
Methods 369 370
Bacterial and fungal strains and growth conditions 371
Bacterial and fungal strains used in this study are listed in Table S1 . E. coli strains were 372 routinely grown in LB medium at 37°C. C. albicans was routinely grown in YPD medium at 373 30°C. Minimum medium as described in Boon et al. 13 was used for sensor induction with C. 374 albicans supernatants and coculture experiments and was supplemented with 0.4% glycerol 375 or N-acetylglucosamine when indicated. M9 medium supplemented with 0.1% casamino acids 376 and 0.4% glycerol was used for dose-response experiments with 4-HPA and tyrosol. For solid 377 media 1.5% agar was added for LB plates and 2% agar for YPD plates. Antibiotics were used 378 at the following concentrations: 100 µg/mL spectinomycin, 25 µg/mL chloramphenicol, 50 379 µg/mL kanamycin and 100 µg/mL ampicillin. Plasmids were transformed into different E. coli strains via heat shock. 407
To obtain pKD3-Ptet-rpfF the tetR-P tetA fragment was amplified from the PAS132 408 genome with primers tet_fw & tet_re, the pKD3 vector backbone was amplified with primers 409
pKD3_fw & pKD3_tetR_re and both fragments were combined with the 6xHis-rpfF gBlock 410 using Gibson assembly. For the construction of PAS689 the Cm R -tetR-P tetA -rpfF fragment was 411 amplified from pKD3-Ptet-rpfF with primers pKD3int_fw & pKD3int_re and integrated into the 412 araB-araC locus of E. coli TB10 as described 48 . The locus was then transferred to E. coli 413 MG1655 by P1vir transduction as described 31 . The streptomycin-resistance mutation rpsL 414 (lys42arg) was transferred into E. coli NGF-1 as described 31 . Extracts were dried in a speedvac benchtop concentrator at 40°C and dissolved in 100 µL 450 methanol. Five µL were used for analysis on an Agilent 1200 HPLC system using a Zorbax 451 SB-C18 column (3.0 x 150 mm, 3.5 µm). The mobile phase was 80% methanol with 0.1% 452 formic acid and the flow rate was 0.4 mL/min. BDSF was detected using a diode array 453 detector set to 220 nm (4 nm band width). Quantification was done using BDSF standards 454 spiked into medium and extracted as described above. 455 456
Dose-response analysis 457
For dose-response analysis with 4-HPA and tyrosol as inducers, E. coli overnight cultures 458 were diluted 1:100 in M9 medium containing different concentrations of 4-HPA or tyrosol and 459 incubated at 37°C for 20 hours with shaking. GFP levels and OD 595 were determined using a 460
Victor3V plate reader (PerkinElmer). After blank correction GFP levels were normalized for 461 OD 595 to obtain RFU values. A four-parameter log-logistic dose-response model was fitted to 462 the data using R version 3.2.3 and the drc package. 463 C. albicans culture supernatants for dose-reponse analysis were prepared as 464 described above. E. coli overnight cultures were diluted 1:100 in minimum medium 465 supplemented with 0.4% glycerol. Fungal culture supernatants were added at different 466 dilutions and cultures were incubated at 37°C for 20 hours with shaking. GFP and OD 595 467 measurement as well as RFU calculation was done as described above. 468
Bacterial-fungal coculture 470
To determine sensor induction on agar plates, C. albicans SC5314 overnight cultures were 471 washed once and diluted in PBS buffer to OD 600 of 0.1 and 1 µL was spotted on LB agar 472 plates supplemented with 0.4% glycerol to support fungal growth and spectinomycin. Plates 473 were incubated for 24 hours at 37°C. E. coli PAS691 and PAS697 overnight cultures were 474 diluted to OD 600 of 0.1 in PBS buffer and 1 µL spotted next to C. albicans. Plates were imaged 475 after 24 hours incubation at 37°C. Images were taken using an imaging station equipped with 476 a Canon EOS Rebel T3i camera and GFP excitation/emission filters. 477
To determine hypha inhibition on agar plates, C. albicans SC5314 suspensions were 478 spotted on YPGlcNacSpec plates containing 10 g/L yeast extract, 20 g/L peptone and 4 g/L N-479 acetylglucosamine allowing hypha formation. Cell suspensions were prepared as described 480
above. Plates were incubated for 24 hours at 37°C. Then E. coli PAS694 and PAS693 481 suspensions were spotted next to C. albicans as described above and plates were further 482 incubated at 37°C for 6 hours. Finally, C. albicans suspensions were spotted in different 483 distances to the E. coli spots and plates were incubated at 37°C for 48 hours prior to imaging Supernatants were harvested at different time points, sterile filtered using 0.22 µm filters and 508 100 µL aliquots transferred to clear bottom 96 well plates. Upon addition of C. albicans as 509 described above and 5% FBS to induce hypha formation cells were incubated at 37°C for 3 510 hours. Imaging and analysis was done as described above. albicans supernatant in minimum medium with tyrosine prepared as described above was 515 added and cultures were incubated for 20 hours. Supernatants were harvested, sterile filtered 516 and 50 µL aliquots transferred to clear bottom 96 well plates. Upon addition of C. albicans as 517 described above and 50 µL 2x minimum medium with 8 g/L N-acetylglucosamine to induce 518 hypha formation cells were incubated at 37°C for 3 hours. Imaging and analysis was done as 519 described above. 520 521
Analysis of virulence gene expression 522
C. albicans CA58 overnight cultures were washed once and resuspended at OD 600 of 0.25 in 523 DMEM medium or aTC-induced PAS689 and MG1655 supernatants prepared as described 524 above and 5% FBS were added to induce hypha formation. For BDSF treated samples the 525 inhibitor concentration was 1 mM. Samples were incubated at 37°C with shaking for 3 hours 526 prior to imaging on an inverted Nikon TE2000 fluorescence microscope. 527
For analysis of ECE1 and HWP1 expression by RT-qPCR fungal cells were 528 resuspended in 1 ml PBS and harvested by centrifugation. RNA extraction, DNAse treatment 529 and qPCR analysis was done as described previously 50 . PAT1 and RIP1 reference genes 530 were used for normalization 51 . 531
Fungal-mammalian coculture and cytotoxicity assay 533
Caco-2 cells were seeded at 5 x 10 4 cells/well in 96 well plates and incubated for 3 days to 534 form a monolayer. C. albicans SC5314 overnight cultures were diluted to OD 600 of 0.1 in YPD 535 medium and incubated at 30°C until they reached OD 600 1.0. Cells were harvested, washed 536 twice in PBS buffer and resuspended in DMEM medium. To determine inhibition of cytotoxicity 537 by BDSF the Caco-2 medium was changed to DMEM 5% FBS without phenol red containing 538 different concentrations of BDSF. Then, 1 x 10 4 C. albicans yeast cells per well were added 539 and samples were incubated at 37°C 5% CO 2 for 20 hours. Finally, LDH release into 540 supernatants was determined using the CytoTox 96 Non-Radioactive Cytotoxicity Assay 541 (Promega) according to the manufacturer's instructions. To determine inhibition of cytotoxicity 542 by PAS689, aTC-induced culture supernatants were prepared as described above for hypha 543 inhibition assays. Caco-2 medium was replaced by E. coli supernatants supplemented with 544 5% FBS. After addition of C. albicans yeast cells samples were incubated and LDH release 545 determined as described above. 546
To determine inhibition of cytotoxicity by PAS694, 4-HPA-induced and C. albicans-547 induced bacterial supernatants were prepared as described above for hypha inhibition 548 assays. PAS693 supernatants served as controls. Supernatants were diluted 4x in DMEM 549 10% FBS medium without phenol red and added to Caco-2 cells. After addition of C. albicans 550 yeast cells samples were incubated and LDH release determined as described above. 551
For imaging of Caco-2 cells treated with C. albicans in the absence and presence of 552 BDSF, samples were prepared as described above. Images were taken after 9 hours and 24 553 hours interaction, respectively, using an inverted Leica DM IL LED microscope. 554 555
Transwell culture conditions and epithelial barrier measurements 556
Caco-2 cells were seeded at 1 x 10 5 cells/cm 2 in collagen-coated transwell inserts (Corning) 557 containing 200 µL DMEM medium in the apical compartment and 800 µL in the basal 558 compartment. Cells were incubated at 37°C 5% CO 2 for 18-20 days and the medium was 559 changed every 2-3 days. C. albicans SC5314 cells were prepared as described above for 560 cytotoxicity assays and 1 x 10 5 cells were added to the apical compartment in the absence or 561 presence of 500 µM BDSF. The medium in both compartments was removed after 12 and 24 562 hours. Fresh DMEM was added to the basal compartment and DMEM with BDSF was used 563 for the apical compartment. Transepithelial electrical resistance and permeability 564 measurements were used to determine epithelial barrier function exactly as described 52 . 565
